Olanexidine gluconate [1-(3,4-dichlorobenzyl)-5-octylbiguanide gluconate] (development code OPB-2045G) is a new monobiguanide compound with bactericidal activity. In this study, we assessed its spectrum of bactericidal activity and mechanism of action. The minimal bactericidal concentrations of the compound for 30-, 60-, and 180-s exposures were determined with the microdilution method using a neutralizer against 320 bacterial strains from culture collections and clinical isolates. Based on the results, the estimated bactericidal olanexidine concentrations with 180-s exposures were 869 g/ml for Gram-positive cocci (155 strains), 109 g/ml for Gram-positive bacilli (29 strains), and 434 g/ml for Gram-negative bacteria (136 strains). Olanexidine was active against a wide range of bacteria, especially Gram-positive cocci, including methicillin-resistant Staphylococcus aureus and vancomycin-resistant enterococci, and had a spectrum of bactericidal activity comparable to that of commercial antiseptics, such as chlorhexidine and povidone-iodine. In vitro experiments exploring its mechanism of action indicated that olanexidine (i) interacts with the bacterial surface molecules, such as lipopolysaccharide and lipoteichoic acid, (ii) disrupts the cell membranes of liposomes, which are artificial bacterial membrane models, (iii) enhances the membrane permeability of Escherichia coli, (iv) disrupts the membrane integrity of S. aureus, and (v) denatures proteins at relatively high concentrations (>160 g/ ml). These results indicate that olanexidine probably binds to the cell membrane, disrupts membrane integrity, and its bacteriostatic and bactericidal effects are caused by irreversible leakage of intracellular components. At relatively high concentrations, olanexidine aggregates cells by denaturing proteins. This mechanism differs slightly from that of a similar biguanide compound, chlorhexidine.
A ntiseptics have several important uses in infection control in clinical settings, including hand hygiene and disinfection of surgical and catheter insertion sites. Antiseptics prevent infection by decreasing the number of microorganisms, thereby decreasing the transmission of pathogens. Currently, health care-associated infections caused by multidrug-resistant organisms, including methicillin-resistant Staphylococcus aureus, vancomycin-resistant enterococci, and certain Gram-negative bacilli, are substantial problems.
Chlorhexidine digluconate is one of the most effective antiseptics, because it has broad-spectrum antibacterial activity, persistent efficacy, and residual activity. Moreover, it is compatible with most materials and is used safely in various preparations for humans. However, it may not have sufficient activity to eradicate some pathogens, such as methicillin-resistant S. aureus (1) and vancomycin-resistant enterococci (2) .
Povidone-iodine (PVP-I) is a broad-spectrum microbicide that can inactivate not only bacteria but also viruses (3). However, PVP-I may not function well in the presence of organic materials, such as blood or pus, which can rapidly neutralize its bactericidal activity (4) . Additionally, PVP-I must not be administered to pregnant or lactating women, because it can induce transient hypothyroidism in the fetus or newborn (5) .
New antiseptics are critical for preventing incurable infections, but only a few new agents have been launched in the past 50 years.
Olanexidine [1-(3,4-dichlorobenzyl)-5-octylbiguanide] (formerly OPB-2045), an antimicrobial agent with a biguanide group, was synthesized in 1997 ( Fig. 1) (6) . To optimize its use as a topical antiseptic, olanexidine was converted to the gluconate salt, and a solubilizing agent, polyoxyethylene (20) polyoxypropylene (20) glycol (POEPOPG), was added to make the olanexidine gluconate formulation. The resulting formulation (OPB) had more potent bactericidal activity against methicillin-resistant S. aureus and vancomycin-resistant enterococci in both in vitro and in vivo animal models than chlorhexidine and PVP-I (7). Clinical trials for OPB were completed in Japan by a similar method to the one described in the U.S. Food and Drug Administration Tentative Final Monograph (FDA-TFM) for patient preoperative skin preparation drug products (8) . OPB was shown to be effective as an antiseptic, and the new drug application of this compound was submitted in Japan in 2014 (the clinical data will be reported separately).
In this study, we sought to determine the spectrum of bactericidal action and mechanism of action of OPB.
MATERIALS AND METHODS

Materials.
The olanexidine gluconate formulation (OPB), which contains POEPOPG as a solubilizing agent in addition to the active ingredient, olanexidine, was prepared by Otsuka Pharmaceutical Factory, Inc. (Tokushima, Japan). Hibitane gluconate solution (Sumitomo Dainippon Pharma Co., Ltd., Osaka, Japan) was used as chlorhexidine digluconate. Isodine solution 10% (Meiji Seika Pharma Co., Ltd., Tokyo, Japan) was used as povidone-iodine. These test antiseptics were diluted with distilled water to the desired concentration.
Bacterial strains were purchased from the ATCC (Manassas, VA), the Biological Resource Center, National Institute of Technology and Evaluation (NBRC, Kisarazu, Japan), or Microbiologics, Inc. The phospholipids were purchased from NOF Co. (Tokyo, Japan), Sigma-Aldrich Co. LLC, or Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals were purchased from Wako Pure Chemical Industries, Ltd. and were of special grade.
In vitro bactericidal activity. The minimal bactericidal concentration (MBC) is the lowest concentration of an antiseptic that eradicates the bacteria in the indicated exposure time. We determined the MBCs for each test antiseptic against each of the various bacterial strains obtained from culture collections and clinical isolates (a total of 320 strains). MBCs were measured with a microdilution technique, a method employed after modifying a previously reported method (9, 10) , which is different from the method used in the Clinical and Laboratory Standards Institute guideline (11) . Briefly, 11 concentrations for each of the three antiseptics were prepared using distilled water with the 2-fold serial dilution method. Test bacterial strains were grown in an appropriate broth, washed once in sterile saline, and diluted in distilled water. A 50-l aliquot of each challenge strain containing Ն2 ϫ 10 5 CFU/ml (intended to evaluate a Ն3-log 10 reduction) was exposed to 50 l of each concentration of each antiseptic for 30, 60, and 180 s at 23°C Ϯ 3°C. The actual inoculum density (in log 10 CFU per milliliter) of 320 strains was 6.9 Ϯ 0.6 (mean Ϯ standard deviation [SD]), ranging from 5.1 to 8.1. After exposure, 10 l of the reaction mixture was transferred to 200 l of soybean-casein digest broth containing 0.1% lecithin and 0.7% polysorbate 80 as neutralizing agents (SCDLP broth) and incubated at 35°C for Ͼ20 h until the growth of test bacteria was observed in the well in which distilled water instead of test antiseptics was used. After incubation, bacterial growth was evaluated visually based on the turbidity of the SCDLP broth. The minimum final concentration with no turbidity was designated the MBC. Concurrently, to confirm that the bactericidal activity of the test antiseptics was neutralized with the SCDLP broth, 205 l of SCDLP broth containing test bacteria with the same inoculum density was added to 5 l of 2-fold serial dilutions of the test antiseptics and incubated. A turbid medium indicated positive bacterial growth, and bactericidal activity was considered to be neutralized. That concentration was designated the neutralizing concentration. When the MBC was lower than the neutralizing concentration, the MBC was recorded. When the MBC was greater than the neutralizing concentration, it was reported as greater than the upper limit of the neutralizing concentration.
For bacterial strains that did not grow in the SCDLP broth, the neutralization mixture was transferred to 2 ml of an appropriate broth and incubated. After incubation, the MBC of each antiseptic at each exposure time was similarly determined.
Fluorescent probe displacement assay for LPS, lipid A, or LTA binding to olanexidine. Lipopolysaccharide (LPS), lipid A, or LTA binding was assessed using the fluorescent probe BC, as previously described (12) (13) (14) . Briefly, the displacement assay was performed by adding a 5-l aliquot of the test antiseptic dilutions to 95 l of LPS (9.5 g/ml), lipid A (9.4 g/ml), or LTA (9.5 g/ml) in 20 mM HEPES buffer (pH 7.2) containing BC (9.5 M). Five minutes later, fluorescence was measured on a PowerScan MX multiplex plate reader (BioTek Instruments, Inc.), with 580 and 620 nm as the BC excitation and BC emission wavelengths, respectively. Each measurement was conducted in triplicate, and the 50% effective dose (ED 50 ) and its 95% confidence interval were calculated from the doseresponse curve using a sigmoidal (four-parameter) curve fitting, as described previously (12) . These analyses were performed using the SAS 9.2 software (SAS Institute Japan, Tokyo, Japan) and EXSUS 7.7 software (CAC Exicare Corporation, Tokyo, Japan).
Liposome leakage assay. The calcein-encapsulated liposome leakage assay was performed as described previously (15, 16) . Briefly, a phospholipid solution in chloroform-methanol containing various types of phospholipids (ca. 20 mg) was placed in a round-bottom flask. After evaporating the solvent with a rotating evaporator and vacuum pump, the residual film was hydrated with the 70 mM calcein solution (1.5 ml). The suspension was freeze-thawed for five cycles and then successively extruded through polycarbonate filters (twice through a 0.6-m-pore filter, five times through a 0.1-m-pore filter, and five times through two stacked 0.1-m-pore filters). Calcein-entrapped large unilamellar vesicles (LUVs) were separated from free calcein on a Sephadex G-50 column (1.5 cm by 30 cm; buffer, 10 mM HEPES-150 mM NaCl-1 mM EDTA [pH 7.2]).
Phospholipid concentrations were measured by phosphorus analysis and were considered to represent the concentrations of LUV (17) . The LUV leakage assay was performed by adding a 10-l aliquot of the antiseptic dilutions to 190 l of LUV. The release of calcein from LUV was monitored by fluorescence at an excitation wavelength of 490 nm and an emission wavelength of 520 nm. The maximum fluorescence intensity corresponding to 100% leakage was determined by adding Triton X-100 to LUV for a final concentration of 1%. The final value (percent leakage) was the mean Ϯ SD of triplicate measurements.
The molar ratio of the prepared LUVs was as follows: phosphatidylglycerol (PG)/phosphatidylcholine (PC) (1:1) vesicle from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) and 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), PG/phosphatidylethanolamine (PE) (1:1) vesicle from POPG and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), PG/PE (3:7) vesicle from POPG and POPE, PG/cardiolipin (CL) (16:1) vesicle from L-␣-phosphatidyl-DLglycerol (from egg yolk lecithin) and cardiolipin (from bovine heart), and PG/CL/lysyl-phosphatidylglycerol (L-PG) (13:1:3) vesicle from L-␣-phosphatidyl-DL-glycerol (from egg yolk lecithin), cardiolipin (from bovine heart), and 1,2-dioleoyl-sn-glycero-3-(phospho-rac-(3-lysyl(1-glycerol))).
Outer and inner membrane permeabilization assay with Gram-negative strains. E. coli strain ML35 (ATCC 43827), a lactose permeasedeficient strain with constitutive cytoplasmic ␤-galactosidase activity, was transformed using the plasmid vector pBR322 (TaKaRa Bio, Inc., Tokyo, Japan), which carries tetracycline and ampicillin resistance genes by the calcium chloride method. The transformed strain, E. coli ML-35p, selected by ampicillin resistance, constitutively expressed cytoplasmic ␤-galactosidase and periplasmic ␤-lactamase and was lactose permease deficient. The organism was used for the outer and inner membrane permeabilization assay, as described below (18) (19) (20) . Nitrocefin, a chromogenic cephalosporin, cannot cross the outer membrane and is excluded from the periplasmic space. However, permeabilization of the outer membrane allows nitrocefin to enter the periplasm, where it is cleaved by a ␤-lactamase and produces a color change that can be monitored spectrophotometrically. Briefly, the organisms were cultivated at 35°C during log-phase growth, harvested by centrifuge, washed with 5 mM HEPES buffer (pH 7.2), and then diluted to about 1 ϫ 10 8 CFU/ml in 5 mM HEPES buffer containing 20 g/ml nitrocefin and 5 M carbonyl cyanide 3-chlorophenylhydrazone. A 5-l aliquot of the test antiseptic dilution was added to a 195-l aliquot of the above-mentioned cell suspension, and the absorbance at 486 nm was measured at 30-s intervals for 10 min at room temperature.
Because this strain of E. coli has no lactose permease, o-nitrophenyl ␤-D-galactopyranoside (ONPG) cannot traverse the inner membrane to be cleaved by cytoplasmic ␤-galactosidase to o-nitrophenol unless the inner membrane becomes permeable. ONPG cleavage produces a color change that can be measured spectrophotometrically. Briefly, the organism pellet, prepared by a method similar to that used in the outer membrane permeabilization assay, was diluted to about 1 ϫ 10 8 CFU/ml in 5 mM HEPES buffer containing 0.75 mg/ml ONPG. A 5-l aliquot of the antiseptic dilutions was added to a 195-l aliquot of the above-mentioned cell suspension, and the absorbance at 420 nm was measured at 30-s intervals for 10 min at room temperature. Mean values of triplicate measurements were used in the analysis.
Membrane depolarization assay with Gram-positive strains. Cytoplasmic membrane integrity was determined using the membrane potential-sensitive cyanine probe DiSC3(5). This probe is known to distribute between bacterial cells and the surrounding medium, depending on the membrane potential gradient. Once inside the membrane, the probe aggregates and self-quenches. With the addition of a membrane-disrupting agent, such as antiseptics, the probe is released, and an increase in fluorescence can be monitored over time (12, (21) (22) (23) . In this experiment, S. aureus (strain ATCC 29213) cultivated at 35°C during log-phase growth was harvested by centrifuge, washed with 5 mM HEPES-KOH buffer (pH 7.2) containing 20 mM glucose, and then diluted to about 2 ϫ 10 7 CFU/ml in 5 mM HEPES-KOH buffer containing 20 mM glucose and 100 mM KCl. The probe DiSC3(5) was added to make a final concentration of 0.4 M, and the probe was incorporated for 4 min at room temperature. The resulting solution (cell suspension) was allowed to stand for 4 min, which gave a stable baseline. Fluorescence (using 620 and 670 nm as excitation and emission wavelengths, respectively) was measured at 20-s intervals for 5 min after adding a 5-l aliquot of antiseptic dilution to a 195-l aliquot of the above-mentioned cell suspension. The mean of triplicate measurements was used in the analysis.
Protein denaturation assay. The protein-denaturing property of OPB was estimated with a hemoglobin denaturation assay, as previously described (24, 25) . Briefly, test antiseptic dilutions prepared with distilled water (12 concentrations from 0 to 20,000 g/ml prepared by the serial 2-fold dilution method) were placed on a 96-well microplate. An equal amount of 20 mM HEPES buffer (pH 7.2) with or without 0.05% hemoglobin was added, and the wells were incubated for 5 min at room temperature. The absorbance at 418 nm was measured, and the hemoglobin denaturation ratio (HDR%) was calculated as HDR% ϭ 100 
RESULTS
In vitro bactericidal effects of olanexidine. The well-known MBC assay is a method to determine the MBCs by subcultivating a culture broth after MICs are determined (11) , and it has a long exposure time (contact time) with antiseptic agents (e.g., about 24 h). However, we determined the MBCs for 30-, 60-, and 180-s exposures using a microdilution method with a neutralizer, because the short-term efficacy of antiseptics is of great importance. The bactericidal effects of OPB were evaluated by MBCs and compared to those of chlorhexidine and PVP-I (summary of results in Table 1 ; see also Table S1 in the supplemental material for full details). OPB exhibited broad-spectrum bactericidal activity against the following bacteria: Gram-positive cocci, such as Staphylococcus spp., including methicillin-resistant S. aureus, and Enterococcus spp., including vancomycin-resistant enterococci; Gram-positive bacilli, such as Corynebacterium spp.; and Gramnegative bacteria, such as Pseudomonas aeruginosa and Serratia marcescens. OPB had a spectrum of bactericidal activity comparable to that of commercial antiseptics, such as chlorhexidine gluconate (CHG) and PVP-I.
OPB also showed bactericidal activity against clinical isolates of methicillin-resistant S. aureus, methicillin-susceptible S. aureus, coagulase-negative Staphylococcus, Enterococcus faecalis, Corynebacterium spp., E. coli, P. aeruginosa, Klebsiella pneumoniae, Acinetobacter baumannii, and S. marcescens (Table 2) .
Binding affinity of olanexidine to LPS, lipid A, and LTA. To clarify the mechanism of action, we examined the binding affinity of OPB to LPS, lipid A, and LTA with the BC displacement assay. LPS, of which the toxic moiety is lipid A, and LTA are bacterial surface molecules of Gram-negative and Gram-positive bacteria, respectively, and both are widely conserved. The assay monitors the competitive displacement of BC bound to LPS, lipid A, or LTA by other putative LPS-, lipid A-, or LTA-binding molecules as a change in fluorescence intensity. When OPB was added, it displaced the BC probe bound to LPS, lipid A, or LTA in a dosedependent manner, which increased the fluorescence of BC by decreasing in binding occupancy of BC to LPS, lipid A, and LTA (see Fig. S1 in the supplemental material). OPB had binding affinity to LPS, lipid A, and LTA, and the ED 50 values for OPB binding were calculated (Table 3 ). The ED 50 values of OPB to LPS, lipid A, and LTA were 20, 15, and 43 mol/liter (11, 8.4 , and 25 g/ml, as olanexidine gluconate), respectively, being almost comparable. Chlorhexidine also had binding affinity to LPS, lipid A, and LTA, and those ED 50 s were 210, 30, and 680 mol/liter (190, 27, and 610 g/ml, as chlorhexidine digluconate), respectively.
Membrane barrier-disrupting effects of olanexidine. The effects of OPB on membrane barrier disruption were examined by the dye release assay, which uses the calcein-entrapped liposomes consisting of various phospholipids. In this assay, the membrane barrier function is determined by monitoring fluorescence, because the calcein entrapped in the liposome is self-quenched but fluoresces if it leaks from the liposome.
Generally, the lipid compositions of bacterial membranes are anionic lipid PG and CL (26) (27) (28) . The typical lipid compositions of Gram-negative bacteria are those containing a high concentration of zwitterionic lipid PE. On the other hand, Gram-positive bacteria contain L-PG (26) (27) (28) . We prepared PG/PE vesicles (molar ratios, 1:1 and 3:7) and PG/CL/L-PG (13:1:3) vesicle as model membranes of Gram-negative and Gram-positive bacteria, respectively. We also prepared PG/PC and PG/CL vesicles to evaluate the effects of phospholipid type on the results.
OPB disrupted the artificial membrane, which depended on the phospholipid composition of the membrane (Fig. 2) . Calcein was released by adding OPB to the LUVs containing PE, but it was not released when OPB was added into the LUV containing PC; that is, OPB disrupted the membrane barrier of the LUVs containing PE but had no effect on the LUV containing PC (Fig. 2) . The effect of OPB was dose dependent for the PG/PE (1:1) vesicle but not for the PG/PE (3:7) vesicle. The effect of OPB was small against the PG/CL vesicle, but it became stronger against the vesicle containing L-PG (Fig. 2) . These effects were apparent within 1 min after adding OPB and continued for Ն30 min (data not shown). On the other hand, chlorhexidine had small membrane barrierdisrupting effects on all types of LUV. As a result, the monobiguanide compound, OPB, and the bisbiguanide compound, chlorhexidine, produced different results.
Effects on outer and inner membrane permeabilization in Gram-negative strains. Because OPB interacted with LPS/lipid A and the bacterial membrane as described above, we tested the effect on membrane permeabilization using E. coli as a representative Gram-negative bacterium. At concentrations of Ն2.5 g/ ml, both OPB and chlorhexidine rapidly increased the permeability of the outer membrane of E. coli ML-35p, as shown by increased nitrocefin permeation (Fig. 3) . However, neither antiseptic clearly affected outer membrane permeability at concentrations of Յ1.0 g/ml. OPB enhanced the inner membrane permeability of the strain in a time-dependent manner at concentrations of Ն5.0 g/ml, as indicated by an increase in ONPG permeation (Fig. 3) . The OPB concentration at which the apparent effect on permeabilization was observed differed slightly between the outer and inner membranes. Chlorhexidine also increased the inner membrane permeability of the strain at concentrations of Ն2.5 g/ml. The MICs of OPB and chlorhexidine against E. coli ML35p were 4.0 and 1.3 g/ml, respectively. The MBCs of OPB and chlorhexidine against E. coli after 3 min of exposure were 13.6 to 109 g/ml and Յ4.9 to 78.1 g/ml, respectively (Table 2; see also  Table S1 in the supplemental material). Accordingly, the MIC seems to be related to the concentration that causes inner membrane permeabilization.
Effect on depolarization of bacterial cytoplasmic membrane in Gram-positive bacterial strains. Given that OPB interacted with LTA and bacterial membrane, as described above, we tested cytoplasmic membrane integrity using S. aureus as a representative Gram-positive bacterium. Changes in membrane integrity were detected by membrane depolarization using a fluorescence probe, DiSC3(5), in S. aureus ATCC 29213 (Fig. 4) . Increased fluorescence intensity indicated that OPB depolarized the membrane at concentrations between 0.25 and 1.0 g/ml, and the maximum effect was reached within about 3 min. The time to reach a peak of fluorescence intensity became shorter as concentrations increased. In the range of 2.5 to 10 g/ml, OPB immediately depolarized the membrane of S. aureus.
Chlorhexidine depolarized the membrane at concentrations between 5.0 and 50 g/ml, and the time to peak fluorescence intensity also became shorter with increased concentrations. At a concentration of Յ1.0 g/ml, chlorhexidine did not increase fluorescence intensity. In addition, fluorescence intensity tended to decrease after peaking. At a concentration of Ն50 g/ml, the effect of chlorhexidine on membrane depolarization seemed to be constant.
The MICs of OPB and chlorhexidine against S. aureus ATCC 29213 were 0.63 and 1.3 g/ml, respectively, and the MBCs of OPB and chlorhexidine at 3 min of exposure against the strain were 109 and Ͼ1,250 g/ml, respectively (see Table S1 in the supplemental material). Thus, the MIC of OPB seems to be related to the concentration that causes depolarization, which was not true for chlorhexidine.
Protein-denaturing effects of olanexidine. Using hemoglobin a The full data set is given in Table S1 in the supplemental material.
as a representative protein and as an easily detectable protein when denatured, we examined the protein-denaturing effect of OPB. OPB showed a clear hemoglobin-denaturing effect at concentrations of Ն160 g/ml (Table 4) , but chlorhexidine showed only a slight hemoglobin-degenerating effect at a concentration of 10,000 g/ml by this assay method. The hemoglobin-degenerating effect of the positive control, hexadecylpyridinium chloride monohydrate, was the same as that reported elsewhere (25) .
DISCUSSION
One of the most important characteristics of an antiseptic is its bactericidal activity rather than bacteriostatic activity, because an antiseptic needs to kill bacteria quickly. The MBC determination a These data were collected in the current study but are included in reference 7, which was published first. method using a neutralizer, which we report in this article, is better than other methods in that it can evaluate MBCs with a short exposure time and thus the spectrum of bactericidal activity of an antiseptic. The method used in the study is a semiquantitative method for measuring bactericidal activity, for which the results are not precise, as MICs are not and should be interpreted accordingly. However, the values obtained from our method appear to be reasonable considering the results of the qualitative suspension test (time-kill study) for CHG and PVP-I that were previously reported (29) (30) (31) .
In this study, we used an olanexidine gluconate formulation (OPB) as a test antiseptic instead of an olanexidine aqueous solution. We confirmed that the base of the formulation, which is the solution containing the same amounts of POEPOPG and gluconic acid with same pH, has no biological activity (data not shown). Therefore, we believe that the results of this study using the olanexidine gluconate formulation (OPB) are from olanexidine itself.
Based on the results of MBCs, olanexidine had antimicrobial activity against a wide range of Gram-positive and Gram-negative bacteria, including clinical isolates. The activity against Grampositive bacteria, especially Enterococcus spp. and Staphylococcus spp., was pronounced.
An important step in the bacterium-killing mechanism of an antiseptic is the first encounter with the bacterial surface. Therefore, we examined the binding affinity of olanexidine against LPS/ lipid A and LTA, which are widely conserved molecules on the bacterial surface. Olanexidine seems to bind to LPS, lipid A, and LTA with better affinity than that of chlorhexidine, based on the 95% confidence intervals of those ED 50 s (Table 3) .
Biguanides strongly interact with the negatively charged phospholipid PG (32, 33) . To clarify the effects of olanexidine on membrane disruption, we tested it against an artificial membrane, calcein-entrapped LUV, which consists of various phospholipids. Olanexidine clearly disrupted the membrane of the LUVs containing phospholipids with an ammonio group (-N ϩ H 3 ), such as PE and L-PG. However, it had no such activity against other types of LUVs (Fig. 2) . For all types of LUVs containing acidic PG, olanexidine seemed to interact with the phospholipid membranes only through surface adsorption, but it did not deform the membranes. The biguanide group in olanexidine is a strong base; therefore, it is completely monoprotonated at physiological pH. Electrostatic attraction between the positive charge on the biguanide group and the negative charge on the PG molecule is the most probable driving force for the complex formation between olanexidine and the PG molecule. The hydrophobic octamethylene group, which is bound to the biguanide group in the olanexidine molecule, may also be important in expanding the PG bilayer. This group seems to act as a wedge that is inserted into the more hydrophobic sites in the bilayer. On the other hand, the bisbiguanide compound chlorhexidine may not insert so easily into these hydrophobic sites. Such an insertion would produce a larger distance between each phospholipid molecule and cause electrostatic repulsion if the phospholipids with an ammonio group were contained in the liposomal bilayer, which destabilizes the LUV and causes leakage of calcein. Because olanexidine had no effect on the LUVs containing PC, the barrier-disrupting activity could not be explained by the electronic charge alone. The shape of the PC might differ from that of PE because of the relatively large headgroup (-N ϩ (CH 3 ) 3 ) of the PC. The shape of phospholipids is related to the size of the polar headgroup and apolar tails of the molecule, which may be involved in the stability of liposome as a molecular assembly. Therefore, liposomes with differently shaped phospholipids are considered to exert different activities. The PC-containing LUV that was bound to olanexidine may be a stable molecular assembly, because it was not disrupted. The lack of a dose-related effect of olanexidine against the PG/PE (3:7) vesicle may also be related to the stability of the LUV bound to a large amount of olanexidine. In addition, this assay may be affected by the fatty acid composition of phospholipids. We confirmed that egg yolk PC with different fatty acid compositions slightly increased the membrane-disrupting activities of olanexidine and chlorhexidine (data not shown).
Biological membranes include not only phospholipids but also proteins and glycolipids. Binding to membrane proteins or glycolipids may exert synergistic effects on membrane disruption. In our in vitro tests, effects on phospholipid membranes containing several components and the effective concentration against actual microorganisms were unknown, so we studied such issues using bacteria.
In the test detecting the movement of substrates across the membranes using E. coli ML-35p, olanexidine enhanced outer membrane and inner membrane permeability (Fig. 3) . It also disrupted the membranes of the LUVs containing PE, a high-level component of the E. coli membrane, which might be related to its effect on membrane permeabilization in bacteria. These results indicate that olanexidine binds to the cell membrane of E. coli, which disrupts membrane integrity and exhibits its bacteriostatic and bactericidal effects through the irreversible leakage of intracellular components. This hypothesis is supported by observations with electron microscopy of P. aeruginosa and methicillin-resistant S. aureus treated by olanexidine hydrochloride. Sakagami et al. (34, 35) reported that olanexidine hydrochloride released intracellular components from such bacteria at the level of the MIC. On the other hand, chlorhexidine did not disrupt the membrane of the LUVs but did disrupt that of E. coli. Because chlorhexidine has binding affinity to LPS, it might disrupt the membrane of the LUV containing LPS.
In the test using S. aureus, we detected the loss of membrane potential caused by the disruption of membrane integrity. Olanexidine changed the membrane potential of S. aureus, and the effective concentration was related to the MIC. Olanexidine also disrupted the membrane of L-PG containing LUV, which mimicked the S. aureus membrane, but chlorhexidine did not. This difference might be related to the bactericidal effect against S. aureus. The results above, combined with the electron microscope observations by Sakagami et al. (35) , suggest that olanexidine binds to the surface of S. aureus, where it disrupts the membrane, causing cytoplasmic components to leak from the cell, thereby killing it.
In addition, a hemoglobin denaturation assay revealed that olanexidine denatured protein at relatively high concentrations (Ն 160 g/ml). Observations with electron microscopy revealed that olanexidine hydrochloride also affects the agglutination of P. aeruginosa at nearly the same concentration (34) . This effect might be explained by a protein-denaturing effect.
Olanexidine gluconate exhibited antimicrobial activity against a wide range of bacteria, especially Gram-positive bacteria. It interacted with the surface molecules and phospholipids that are widely conserved in Gram-negative and -positive bacteria and disrupted the membranes of liposomes, E. coli, and S. aureus. It also denatured protein at relatively high concentrations. From these results, the mechanism of action was considered to be follows: olanexidine binds to the cell membrane, disrupts membrane integrity, and exerts its bacteriostatic and bactericidal activities by causing the irreversible leakage of intracellular components. At relatively high concentrations, olanexidine aggregates the cells through a protein-denaturing effect. The mechanism of action differs between the monobiguanide compound olanexidine and the bisbiguanide compound chlorhexidine. Therefore, olanexidine will be a new choice for preventing health care-associated infections and may provide better protection against infections caused by pathogens resistant to chlorhexidine. 
